; TAXI-I (Triticum aestivum xylanase inhibitor I) is a wheat grain protein that inhibits arabinoxylan fragmentation by microbial endo-β-1,4-xylanases used in the food industry. Although TAXI was speculated to be involved in counterattack against pathogens, there is actually no evidence to support this hypothesis. We have now demonstrated the presence of TAXI family members with isolation of two mRNA species, Taxi-III and Taxi-IV. At the nucleotide sequence level, Taxi-III and Taxi-IV were 91.7% and 92.0% identical, respectively, to Taxi-I, and Taxi-III and Taxi-IV were 96.8% identical. Accumulation of Taxi-III/IV transcripts was most evident in roots and older leaves where transcripts of Taxi-I were negligible. When challenged by fungal pathogens Fusarium graminearum and Erysiphe graminis, the concentrations of Taxi-III/IV transcripts increased significantly. In contrast, the increases in Taxi-I transcripts in response to these pathogens were rather limited. Both Taxi-I and Taxi-III/IV were strongly expressed in wounded leaves. The upstream region of Taxi-III contained W boxes and GCC boxes, which are sufficient to confer pathogen and wound inducibility on promoters. Recombinant TAXI-III protein inhibited Aspergillus niger and Trichoderma sp. xylanases: it was also active against some spelt xylan-induced xylanases of F. graminearum. These features suggest that some, but not all, TAXI-type xylanase inhibitors have a role in plant defense.
Introduction
Plant pathogens secrete an array of cell-wall-degrading enzymes as offensive arsenals to penetrate the host cell wall and to release the nutrients from their building blocks. Representatives of such enzymes include cellulases (e.g. endo-β-1,4-glucanase), pectinases [e.g. pectin lyase, polygalacturonase (PG)] and endo-β-1,4-xylanase, which are considered to be virulence factors for the pathogens (Walton 1994) . These classes of enzymes are also produced by plants themselves and participate in many physiological processes such as the mobilization of reserves from storage organs and remodeling of the plant cell walls during growth and development. Hence, a highly specific and organized regulation of cell wall depolymerase activities is important for various physiological processes in plants.
Plants appear to have evolved wall depolymerase-inhibiting proteins that help to limit pathogen colonization, either directly by acting as inhibitors of the pathogen's virulence factors (i.e. depolymerases) or indirectly by ensuring production of elicitor-active polysaccharides that might have been extensively degraded in their absence. Well-known examples of such plant inhibitors are the PG-inhibiting proteins (PGIPs), which are found in a variety of dicotyledonous plants and pectin-rich monocotyledonous plants (e.g. onion and leek) (De Lorenzo et al. 2001) . Other examples include a tomato inhibitor protein that inhibits the activity of the xyloglucan-specific endoglucanase of Aspergillus aculeatus (Qin et al. 2003) . A protein that inhibits the pectin lyase of Rhizoctonia solani was reportedly discovered in sugar beet (Bugbee 1993) , but a detailed characterization has yet to be reported. Recently, proteins that inhibit family 11 endo-β-1,4-xylanases were found in wheat flour (McLauchlan et al. 1999 , Gebruers et al. 2001 . These inhibitor proteins (which belong to different families designated XIP and TAXI) were purified to homogeneity and the corresponding genes (i.e. Xip and Taxi-I, respectively) were cloned and characterized (Elliott et al. 2002 , Fierens et al. 2003 . However, these proteins were identified in the search for causative substances that reduce the activity of xylanases used in food processing (e.g. breadmaking, pasta processing, gluten-starch separation, preparation of animal feeds), and it is not yet known whether these inhibitors are involved in counterattack against pathogens in wheat plants (Sansen et al. 2004 ). Here we report on the cloning, structural characterization and expression analyses of new genes that belong to the TAXI family.
Results

Cloning of the Taxi-I gene from wheat cv. Norin 61
We first isolated a complete cDNA of Taxi from wheat cv. Norin 61 based on an assembled contig of wheat expressed sequence tags (ESTs), which included the sequence encoding the 10 kDa domain of the TAXI polypeptides reported previ- ously (see Fig. 1A ) (Gebruers et al. 2001) . The missing 5′ and 3′ portions of these overlapping ESTs were amplified from cDNA synthesized from total RNA of immature embryo (3 weeks after anthesis) by rapid amplification of cDNA ends (RACE). The cloned cDNA (accession number AB114626) encodes a protein of 402 amino acids and is identical to the recently reported Taxi-I sequence (AJ438880) of wheat cv. Estica (Fierens et al. 2003) . Using primers Isp(For) and Isp(Rev), we were also able to amplify Taxi-I from the cDNA of other wheat cultivars including Norin 12 and Florida. Their nucleotide sequences were identical to those of cultivars Norin 61 and Estica, suggesting that Taxi-I is well conserved among different wheat cultivars.
Cloning and characterization of Taxi-III and Taxi-IV
Southern analysis using Taxi-I as a probe revealed multiple hybridization bands on a blot of DNA digested with restriction enzymes that do not cut the probe, which is indicative of the presence of a multigene TAXI family in hexaploid wheat (Fig. 1B) . To gain insight into the structure and function of the TAXI family genes, we isolated the genes of other family members using degenerate primers TAXI-F1 and TAXI-R2 (represented as green arrows in Fig. 1A ; see Table 1 for primer sequences). Closely related genes were successfully amplified from cDNA of root where the Taxi transcripts were most abundant (see next section). Sequencing a dozen reverse transcription-PCR (RT-PCR) products allowed discrimination of the original sequence variations of the TAXI family genes from PCR errors. Among these new family members, we focused on the two most abundant genes, designated Taxi-III (eight clones) and Taxi-IV (three clones). The 5′ and 3′ regions of these genes were cloned by RACE with primers listed in Table 1 (represented as red and blue arrows between the middle and lower bars in Fig. 1A ), and at least six independent clones were sequenced for each cloned RACE product. On the basis of the assembled cDNA sequences, the entire coding regions of Taxi-III (1,206 bp) and Taxi-IV (1,227 bp) were directly amplified by RT-PCR with primers listed in Table 1 (represented as black arrows above the middle and lower bars in Fig. 1A) , and their sequences were further confirmed by sequencing the RT-PCR products (accession numbers AB114627 and AB114628 for Taxi-III and Taxi-IV, respectively).
When a comparison was made with the entire coding region of Taxi-I, Taxi-III and Taxi-IV were found to contain substitutions of 100 and 96 nucleotides (i.e. 91.7% and 92.0% identity), respectively. More than half of the nucleotide substitutions resulted in amino acid sequence diversification in Taxi-III and Taxi-IV (Fig. 1C) . The nucleotide sequences of the genes are more similar to each other between the two new Taxi genes (i.e. 96.8% identity between Taxi-III and Taxi-IV). With reference to the crystal structure of TAXI-I complexed with Aspergillus niger xylanase (Sansen et al. 2004) , the ratios of non-synonymous to synonymous substitutions were calculated at the sites involved in the interaction (i.e. a region comprising residues Ala-291 to Ala-317 of TAXI-I, which contains a loop that covers the deep substrate-binding cleft of xylanase). Interestingly, the d N /d S ratio (ω) among TAXI family members was >1 when these sites were compared between Taxi-I and Taxi-III (ω = 1.33). The result suggests that some members of the TAXI family adaptively coevolved with xylanases. Such features are similar to those of pgip, which is organized into a complex multigene family as a result of co-evolution with the pathogen's PG genes (Leckie et al. 1999 , Stotz et al. 2000 .
TBASTN search of TAXI (as of August 2004) revealed the presence of several homologs from other cereals including barley (Hordeum vulgare), rye (Secale cereale) and rice (Oryza sativa). Phylogenetic analysis (Fig. 1D) showed that TAXI-I is more closely related to a rye protein (CAE46333) than TAXI-III and TAXI-IV from wheat. Taxi-III and Taxi-IV (TAXI-III/ IV-type genes) may reasonably be classified as a separate subfamily within the TAXI family members as increasing number of homologs are identified from graminaceous crops in the future.
Northern blot analysis of the Taxi genes
The Taxi transcript levels were determined by Northern blot analysis using RNA isolated from various parts of plants at different developmental stages. The full-length Taxi-I ribo- (Gebruers et al. 2001) and EST sequences (shown as thin lines). Filled and open vertical arrows denote the SP cleavage site and internal cleavage site (generating the 10 kDa and 30 kDa polypeptide of TAXI-I), respectively. Bars represent cloned cDNA of Taxi-I, Taxi-III and Taxi-IV: their coding regions are filled in gray. Horizontal arrows of different colors indicate primers used for the cloning of these Taxi genes; red, primers/nested primers for 5′-RACE of Taxi-I and Taxi-III/IV; blue, primers/nested primers for 3′-RACE of Taxi-I and Taxi-III/IV; green, degenerate primers for RT-PCR of Taxi-III/IV; black, specific primers for RT-PCR of full-length Taxi-I, Taxi-III and Taxi-IV. (B) Southern blot analysis of Taxi. Five micrograms of genomic DNA was digested with BamHI (lane 1), HindIII (lane 2) and XbaI (lane 3), and probed with the DIG-labeled Taxi-I probe. M, λ HindIII marker. (C) Sequence alignment of the TAXI-I, TAXI-III and TAXI-IV polypeptides. Amino acid residues identical to those of TAXI-I are indicated by dots. Dots highlighted in blue denote amino acids unaltered by synonymous substitutions. Residues highlighted in red (with increasing color depth relative to the number of nucleotide substitutions in each codon) indicate non-synonymous substitutions. Filled and open vertical arrows denote the SP cleavage site and internal cleavage site, respectively. (D) Evolutionary relatedness of TAXI homologs. Unrooted phylogenetic trees were constructed using the NJ method and downloaded from the DDBJ Web server. The scale bars indicate the branch length corresponding to the mean number of differences (0.1) per residue along each branch. Bootstrap values supporting the branches connecting the subgroups are indicated. A tree with the same topology was constructed using the maximum likelihood method accomplished with PUZZLE. An enhanced view of closely related proteins from wheat, rye and barley is shown.
probe was used to probe blots of total RNA isolated from scutella (SC), roots (R), shoots (S) and leaves (L1-L4 for the first to fourth leaves) at days 3, 5, 10 and 24 after seed germination. As shown in Fig. 2A , an apparently single band of 1.4 kb mRNA was detected in roots at all stages investigated. The transcripts were also found at significant levels in older leaves (L1 and L2 at day 24, which were partially etiolated during growth on wet paper), and at decreased levels in scutella (SC at day 3), younger shoots (S at day 3), and elongating third and fourth leaves (L3 and L4 at day 24). However, substantially no transcripts were detected from old scutella (SC at day 5), elongating shoots (S at day 5) and younger leaves (L1 and L2 at day 10) on the Northern blot.
We next examined whether Taxi genes show pathogeninducible expression patterns. Northern blot analyses were carried out with total RNA isolated from wheat spikes infected by a model cereal pathogen, Fusarium graminearum, which causes a devastating disease called scab or Fusarium head blight (FHB) in wheat and barley (Trail et al. 2003) . Expression levels of Taxi were examined in glume, lemma, palea and ovary at 24 h after Fusarium infection. As shown in Fig. 2B , a high level of Taxi mRNA was present in both infected (Fg) and uninfected (mock) ovary (O), but no transcripts were detected in uninfected glume (G), lemma (L) or palea (P). After challenge inoculation with F. graminearum, induction of Taxi expression was observed in lemma, palea and ovary, which are known to Forward primer for amplification of synthetic Taxi-III Nus-synTAXI-3′ 5′-TTGTCTGCAGCCGGATCCTTAGGAACC-3′
Reverse primer for amplification of synthetic Taxi-III be sites of infection and pathways for the fungus. Although the transcript levels of Taxi were slightly reduced at 48 h (data not shown) compared with those at 24 h, the general expression pattern is similar to that of defense response genes that are expressed during the early stages of infection in wheat (Pritsch et al. 2000) . Taxi gene expression was also examined in wheat leaves infected with the powdery mildew fungus Erysiphe graminis f. sp. tritici. As shown in Fig. 2C , transcriptional induction of the Taxi genes by E. graminis was demonstrated in the leaf sample collected 5 d after fungal inoculation. We further investigated responses of plants to wounding since mechanical injury often induces expression of defense-related genes. Young leaves (first leaves at day 5) were cut into leaf segments 3 mm in length with a razor blade and placed on wet paper for up to 48 h. As shown in Fig. 2D , Northern blot analysis demonstrated that wounding significantly increased the levels of Taxi transcripts in leaves within 24 h.
Expression analysis of individual Taxi genes using RT-PCR/ cleaved amplified polymorphic sequence (CAPS)
Since the Taxi-I probe hybridized to multiple gene family members on a Southern blot, the RNA blot data represent the sum of differential expression of the TAXI family genes. It is not known whether these individual genes are differentially regulated under various developmental and stress conditions in the manner demonstrated by Northern blot analysis. To characterize the transcripts of individual Taxi genes in more detail, we carried out CAPS analysis using a transversion from A to C (deleting a SphI site from Taxi-I) or G to C/C to G (adding a NcoI site to Taxi-I) that occurs in the coding regions of Taxi-III and Taxi-IV (see Fig. 3A ); expression of Taxi-I can be distinguished from that of the TAXI-III/IV-type genes by digestion of the semi-quantitative RT-PCR products with these restriction enzymes.
When consensus primers Tcons-F and Tcons-R (labeled 'CONS' in Fig. 3 ) were used for amplification of the Taxi family members at different developmental stages, RT-PCR products sensitive to SphI digestion (i.e. Taxi-I) were found in younger shoots at day 3 ( Fig. 3B ; 422 bp/94 bp bands in lane 3), and to a much lesser amount, in scutella at days 3 and 5 ( Fig. 3B ; lanes 1 and 4) and roots at days 5 and 10 ( Fig. 3B ; lanes 5 and 7). However, the transcript of Taxi-I was not detected from leaves at all stages investigated ( Fig. 3B ; lanes 8, 9 and 11-14) or root at day 24 (Fig. 3B , lane 10). Despite the absence of the Taxi-I transcript in leaves, a small amount of RT-PCR products resistant to NcoI digestion was found in leaves ( Fig. 3B ; 516 bp bands in lanes 25-27, which were not split into two fragments even after 5-fold dilution of the DNA), suggesting that as yet uncloned family members of Taxi are expressed in these tissues.
The transcripts of Taxi-III/IV accumulated in response to F. graminearum in infected lemma/palea, as demonstrated by the presence of the cDNA amplified with consensus primers ( Fig. 3C ; a 516 bp SphI-resistant band). Expression of Taxi-I was also induced upon pathogen infection, but the amount of the transcript was not significant compared with that of Taxi-III/IV ( Fig. 3C ; 422 bp/94 bp SphI-sensitive minor bands). The use of primers T101/102-F and T101/102-R (labeled 'III/IV') resulted in the amplification of PCR products that are completely resistant to SphI digestion ( Fig. 3C ; a 592 bp band in the left panel), suggesting that these primers are specific to the TAXI-III/IV-type genes and can be used in monitoring their expression. The presence of an extremely faint NcoI-resistant band may thus represent additional minor members of the TAXI-III/IV-type genes ( Fig. 3C ; a 592 bp band in the right panel). The transcript levels of Taxi-III and Taxi-IV were comparable, as assessed by MluI digestion of the cDNA ( legend). Induction of Taxi-III/IV, but not Taxi-I, was also observed in leaves after challenge inoculation with E. graminis (Fig. 3D) . Again, a small amount of additional TAXI-III/IVtype genes was detected in the infected leaves (Fig. 3D , a 592 bp NcoI-resistant band). Wounding induced expression of both Taxi-I ( Fig. 3E ; 422 bp/94 bp SphI-sensitive bands and a 516 bp NcoI-resistant band) and Taxi-III/IV ( Fig. 3E ; 516 bp and 592 bp SphI-resistant bands and 312 bp/204 bp and 337 bp/ 255 bp NcoI-sensitive bands).
Quantification of the Taxi transcripts
To more accurately determine the induction levels of Taxi-I and Taxi-III/IV in response to the pathogens, we evaluated the amount of the transcripts by competitive RT-PCR. In contrast to Northern blot analysis, this sensitive RT-PCR method allowed identification and quantification of the Taxi transcripts in pathogen-uninfected tissues such as lemma/palea ( Fig. 4A ; upper and lower panels of 'mock') and leaves ( Fig. 4B ; lower panel of 'mock'). By this assay, only the transcript of Taxi-I failed to be detected from uninfected healthy leaves ( Fig. 4B ; upper panel of 'mock').
Although expression of Taxi-I was approximately 2-fold higher in Fusarium-uninfected lemma/palea compared with Taxi-III/IV ( Fig. 4A ; compare upper and lower panels of 'mock'), there was a marked difference in the degree of transcriptional activation by the pathogen between Taxi-I and Taxi-III/IV. While Taxi-I expression was induced 2.5-fold, the concentration of Taxi-III/IV transcripts was induced approximately 20-fold ( Fig. 4A ; compare 'mock' and 'Fg'). Expression of the Taxi genes was also induced by infection with the powdery mildew fungus. Again, the TAXI-III/IV-type genes responded much more significantly than Taxi-I; the expression level of Taxi-III/IV was increased approximately 25-fold in leaves by the pathogen (Fig. 4B ; compare lower panels of 'mock' and 'Eg'), and the amount of the transcripts was approximately 10-fold higher than that of Taxi-I ( Fig. 4B ; compare upper and lower panels of 'Eg'). When leaves were injured, the amount of Taxi-I transcript was comparable to that of Taxi-III/IV ( Fig. 4B ; compare upper and lower panels of 'wound'), indicating that the responses of these genes are different upon pathogen infection and wounding.
Cloning and analysis of the Taxi-III promoter
The genomic DNA upstream of the Taxi-III cDNA was amplified by thermal asymmetric interlaced (TAIL)-PCR using an arbitrary degenerate (AD) primer AD3 and (nested) specific primers taxi-TAIL1, taxi-TAIL2 and taxi-TAIL3 (Table 1) in a consecutive manner. The DNA sequence of the PCR product obtained by primer taxi-TAIL3 overlapped with the 5′-RACE product, suggesting that the cloned DNA fragment indeed represents a region upstream of Taxi-III. Further confirmation came from the observation that a PCR product containing this region was obtained by genomic PCR with primers 101-PRO-FOR (5′-end sequence of the TAIL-PCR product; see Fig. 5 ) and 101sp(Rev) (non-translated sequence of the cDNA downstream of the Taxi-III stop codon; see Table 1 ). Sequence analysis of the PCR product (AB178471) revealed that the coding region of Taxi-III is not interrupted by introns. In the 5′ upstream region of Taxi-III, there were perfect direct repeat figure; site not shown), which can be used to distinguish the transcript of Taxi-III and Taxi-IV. (B) CAPS analysis of the cDNA at different developmental stages. Amplification (before reaching the saturation; i.e. 25 cycles for all experiments through Fig. 3B to Fig. 3E ) was carried out with consensus primers (labeled 'CONS' hereafter): the RT-PCR products were digested with SphI (lanes 1-14) or NcoI (lanes 15-28). Lanes 1-14 and 15-28 correspond to the Northern blot data of Fig. 2A sequences (underlined) of 14 nucleotides (-836 to -849 and -794 to -807) and 13 nucleotides (-111 to -123 and -72 to -84) , and an imperfect palindrome sequence (boxed) of 22 nucleotides (-1,007 to -1,028; mismatched bases are shown in lower-case letters). The region did not contain other sequences that may form secondary structures.
As expected from the expression pattern, consensus sequences of cis-acting elements implicated in pathogen-and wound-inducible gene expression were found in the Taxi-III promoter region. As shown in Fig. 5 , this putative promoter region has GCC box (GCCGCC) sequences (Hart et al. 1993, Ohme-Takagi and Shinshi 1995) at -884 to -889 and -816 to -822 (AGC box sequence comprising 'AGCCGCC'), and W box [(C/T)TGAC(C/T)] sequences (Rushton et al. 1996) at -404 to -409 and -253 to -258. These plant-specific cis-acting elements are found in the promoters of many pathogenesisrelated (PR) genes and are known as the DNA-binding sites of ethylene-responsive factor (ERF) and WRKY transcription factor (TF), respectively. In addition, we found the core sequence (TGACG) of activation sequence-1 (as-1) (Qin et al. 1994 ), a functionally important element of a subgroup of salicylic acid (SA)-inducible defense genes, at -555 to -559, and consensus sequences of type I Myb-binding sites [(T/C)AAC(T/G)G] (Yang and Klessig 1996) at -1,027 to -1,032, -177 to -182, and -142 to -147. These cis-acting elements are often found in promoters of defense-related genes with pathogen and wound inducibility. There was no sequence that perfectly matched that of the promoter consensus, but the region at -101 to -104 (doubly underlined) is likely to be a candidate TATA box sequence considering its distance from the 5′-end of the RACE product (i.e. a putative transcription initiation site).
Expression and characterization of recombinant TAXI-III
Initially, we tried to obtain the recombinant TAXI-III protein by using a T7 promoter expression system in Escherichia coli. However, the expression level of Taxi-III appears to be extremely low and after induction with isopropyl-1-thio-β-Dgalactopyranoside (IPTG), newly synthesized protein bands were not detected on an SDS-PAGE gel. When the sequence of Taxi-III was analyzed by the Graphical Codon Usage Analyzer on the worldwide web (http://gcua.schoedl.de/index.html), it revealed significant differences in codon use compared with the codon usage table of E. coli: among the 380 codons corresponding to mature TAXI-III protein, 36 and 46 of them are classified as 'very few used codons' (i.e. threshold of 10%) and 'few used codons' (i.e. threshold of 20%), respectively. These codons are scattered throughout the coding region of the gene. To facilitate purification of recombinant TAXI-III, we constructed a codon-optimized Taxi-III gene for expression in E. coli (see Supplementary Fig. S1 ). Since our initial experiments with the conventional T7 expression system resulted in the production of inclusion bodies that could not be regenerated by various methods (e.g. Refolding CA kit; TaKaRa Bio Inc., Kusatsu, Japan), we tested a fusion system to enhance the solubility of TAXI-III. The mature protein region of the synthetic gene (1,140 bp long) was fused to the C-terminus of the Nus·Tag™ protein on pET-43.1a(+). The resulting vector, pET-43.1a-∆SPsyn.Taxi-III (see Supplementary Fig. S2 ), was transformed to E. coli Origami (DE3) for production of the NUS:: TAXI-III protein. The fusion protein comprising 938 amino acid residues was recovered from the soluble fraction (Fig. 6A ) when expressed in strain Origami (DE3) lacking both thioredoxin reductase and glutathione reductase genes. Partially purified NUS::TAXI-III protein was used for the inhibition assay.
As shown in Fig. 6B , A. niger xylanase M4 and Trichoderma sp. xylanase were inhibited by the NUS::TAXI-III protein; the xylanase activities were completely lost with increasing amount of the inhibitor protein. In contrast, NUS::TAXI-III inhibited only a small fraction of spelt xylan-induced xylanase activities of F. graminearum. The result suggests that the active xylanase fraction of F. graminearum comprises enzyme mixtures that contain both TAXI-III-sensitive and -insensitive isozymes. The Nus·Tag™ protein itself did not affect the xylanase activities of A. niger, Trichoderma sp. or F. graminearum (data not shown).
Discussion
Unlike in dicotyledonous plants, the pectic content of cell walls is relatively low in graminaceous crops and grasses. The predominant hemicellulosic components of cereal cell wall matrices are heteroxylans consisting mainly of arabinoxylans, and for this reason, endo-β-1,4-xylanases appear to be more important than pectinases (e.g. PGs) for cereal pathogens. In this study, we have cloned two new xylanase inhibitor genes, Taxi-III and Taxi-IV, from wheat cv. Norin 61, and compared their sequences with that of Taxi-I from the same cultivar. Compared with Taxi-I, the coding region of these genes showed extensive sequence divergence. While the response of Taxi-I against pathogens was rather small, expression of Taxi-III and Taxi-IV (TAXI-III/IV-type genes) was significantly induced upon infection by these pathogens. The transcripts of Taxi-III/ IV were also detected in wounded leaves and healthy roots. Recombinant TAXI-III protein completely inhibited A. niger and Trichoderma sp. xylanases: it was also active against certain isozymes of F. graminearum xylanase.
Induction by wounding is reminiscent of the known classes of inducible defense-related cell wall proteins such as hydroxyproline-rich glycoproteins (Corbin et al. 1987) , PR proteins (Mauch et al. 1988) and PGIPs (Bergmann et al. 1994) . Expression in healthy roots is similar to the pre-existing defense mechanism described previously for the ethyleneinducible PR genes (Ohme-Takagi and Shinshi 1995); plants constitutively express them in tissues vulnerable to attack by pathogens (i.e. non-infected roots that are surrounded by soil phytopathogenic microorganisms). The induction level of Taxi- III/IV (i.e. 20-to 25-fold of induction) was also comparable to that of class I basic β-1,3-glucanase (Vögeli-Lange et al. 1994) , which belongs to this PR gene family. Furthermore, the promoter of Taxi-III contained binding sites (GCC box) of ERF, which regulates the expression of ethylene-inducible PR genes. There were other consensus binding sequences of major TFs that have roles in plant defense. These TFs include WRKY, bZIP (basic domain/Leu zipper) TF family TGA and Myb1, which bind to W box, as-1, and Myb-binding sequences, respectively. Among these cis-acting elements, the W box and GCC box are sufficient to confer pathogen and wound inducibility on promoters. All of these features suggest that TAXI-III/IV-type genes function in the resistance of plants to fungal attack.
In contrast, the response of Taxi-I to pathogen was not so significant. Compared with Taxi-III/IV, a different expression pattern was observed, and it may be possible that Taxi-I is implicated in a physiological process during growth and development. However, expression of cereal xylanase genes appears to be mostly restricted to the aleurone layer (Banik et al. 1997 , Caspers et al. 2001 with the exception of the anther-specific xylanase genes, maize ZmXYN1 and barley HvXYN2 (Wu et al. 2002) . The distribution of the Taxi-I transcripts is different from that of cereal xylanase genes. Besides, a sequence-based classification (e.g. hydrophobic cluster analyses and amino acid sequence conservation in the catalytic sites) of the endo-β-1,4-xylanases identified to date indicates that plant xylanases belong to family 10 ( Simpson et al. 2003 ), against which TAXI shows no inhibitory activity (Gebruers et al. 2001) . The physiological significance of Taxi-I remains to be elucidated in future studies.
In host-pathogen relationships, pathogenicity and disease resistance are directly influenced by antagonistically interacting proteins of the hosts and pathogens (e.g. attacking walldegrading enzymes and their inhibitors) (Rausher 2001) . Such systems provide the opportunity for molecular coevolution of genes of attack and defense, as demonstrated in the interaction of PGs and PGIPs (Stotz et al. 2000) . These genes exist in large multigene families and undergo rapid adaptive diversification for new recognition specificities, as do the plant disease resistance genes (R-genes) encoding pathogen detection proteins in gene-for-gene interactions (Wang et al. 1998) . In this context, the suggested adaptive evolution, together with the pathogenresponsive expression pattern, agrees with the interaction of TAXI-III with the pathogen's xylanase(s). The adaptive forces may have stimulated diversification of Taxi with nearly identical biochemical characteristics but different inhibition specificities to better counteract pathogen infection (Wang et al. 1998) .
Although the importance of xylanases for cereal pathogens has been suggested from several physiological studies (Cooper et al. 1988, Braun and Rodrigues 1993) , conclusive evidence for the proposed roles of xylanases (i.e. their involvement in penetration, pathogen ramification, plant defense induction and symptom expression) has been difficult to obtain (Walton 1994) . This is attributed to the extensive redundancy of the xylanase genes in the genome of cereal pathogens. For example, a triple mutant of the maize pathogen Cochliobolus carbonum (three family 11 xylanases deleted) (Apel-Birkhold and Walton 1996), as well as a double mutant of the rice pathogen Magnaporthe grisea (each family 10 and family 11 xylanase deleted) (Wu et al. 1997) , still retained full virulence against their respective hosts. This may suggest that the pathogens are equipped with multiple different copies of xylanases to evade inhibition by specific members of TAXI. Consistent with this, TAXI-III protein inhibited only a portion of spelt xylan-induced xylanase activities of F. graminearum. Other members of TAXI may be responsible for inhibition of the pathogen's redundant xylanases.
Recently, the complete genome sequence of F. graminearum has been released into the public domain (Broad Institute Fusarium graminearum Database; http://www.broad.mit.edu/ annotation/fungi/fusarium/). This database significantly facilitates comprehensive identification of the xylanase genes of the pathogen. Thus, the availability of the TAXI-III/IV-type genes provides an experimental basis for a search of the inhibitor-sensitive target xylanases by employing the use of genetic or biophysical approaches (e.g. yeast two-hybrid techniques, surface plasmon resonance). In addition, the possible involvement of TAXI-III/IV-type genes in defense (i.e. conversely, the role of the pathogen's xylanases) can be clarified by analyzing the host-pathogen interactions of transgenic wheat lines overexpressing these genes. Since there are only a limited number of transgenes that could alleviate the problems associated with FHB (Rebmann et al. 1991 , Balzi et al. 1994 , Castagnaro et al. 1994 , Gautier et al. 1994 , Kimura et al. 1998 , Alexander et al. 1999 , Dickman et al. 2001 , Takahashi-Ando et al. 2002 , TAXI-III/IV-type genes may be added to the list of candidate genes that deserve to be tested by transgenic experiments.
Materials and Methods
Plant and fungal materials
Triticum aestivum L. cv. Norin 61 (MAFF GenBank Plant; accession number JP 21313) was used throughout this study. Wheat cultivars Norin 12 and Florida were used for comparison of the Taxi-I sequence. For the extraction of total RNA at different developmental stages, wheat seeds were placed on wet papers in plastic dishes and germinated under constant light for up to 24 d at 26°C. Each tissue was collected at the desired time point and stored at -80°C until used for the extraction of total RNA.
For infection with F. graminearum, flowering spikelets were inoculated with the fungus (IFO 5269) by injecting 5 µl of macroconidial suspension (2×10 5 conidia ml -1 ) or water (uninfected control) into the floral cavity between lemma and palea (Pritsch et al. 2001) . For infection of the powdery mildew fungus E. graminis f. sp. tritici, the leaves maintaining the sporulating fungal inocula were lightly tapped before use to remove older conidia. Young wheat seedlings in a chamber were inoculated with the high-viability conidia by blowing the fresh inocula at a spore density of approximately 10 conidia mm -2 (Stadnik and Buchenauer 2000) .
Cloning of the Taxi genes
Total RNA was prepared from each tissue using the RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Oligo(dT)-primed cDNA was synthesized from total RNA using the SuperScript First-strand Synthesis system (Invitrogen, Carlsbad, CA, U.S.A.). For sequence determination, the PCR products were cloned in pGEM ® -TEasy (Promega, Madison, WI, U.S.A.) and at least six independent clones were analyzed to exclude any errors introduced by PCR. To obtain full-length Taxi cDNA by PCR, LA Taq with GC Buffer I (TakaRa Bio Inc.) was necessary to ensure successful amplification.
For cloning of the 5′ and 3′ portions of Taxi-I by RACE, the SMART™ RACE cDNA Amplification kit (Clontech, Palo Alto, CA, U.S.A.) was used (see Table 1 for primers; represented as red and blue arrows above the upper bar in Fig. 1A) . A full-length Taxi-I cDNA was amplified by RT-PCR with primers Isp(For) and Isp(Rev) (see Table 1 for primer sequences; represented as black arrows above the upper bar in Fig. 1A ), which were designed on the basis of the RACE product sequences. To isolate closely related family members of Taxi-I, degenerate primers TAXI-F1 and TAXI-R2 (Table 1) were designed by the CODEHOP computer program (Rose et al. 1998 ) (http// blocks.fhcrc.org/codehop.html) using the sequences of Taxi-I and its putative homolog (NM_190072). Portions of the Taxi genes ( Fig. 1A ; the region between primers shown in green) were amplified from cDNA prepared from roots, and the internal sequences of amplified fragments (i.e. Taxi-III and Taxi-IV) were determined. Primers for RACE of Taxi-III and Taxi-IV (see Table 1 ) were designed based on the local sequences of those regions with least homology to Taxi-I.
Evolutionary analyses
The synonymous (d S ) and non-synonymous (d N ) substitution distances were determined by the method of Nei and Gojobori (1986) on the basis of the sequence alignment of the TAXI-I-A. niger xylanase contact region. For this purpose, the total numbers of synonymous (S) and non-synonymous (N) sites and synonymous (S d ) and non-synonymous (N d ) substitutions were calculated using the MEGA2.1 program (Kumar et al. 2001) .
The neighbor-joining (NJ) trees of proteins similar to TAXI were constructed using the tree-making program (with the BLOSUM scoring matrix) at DDBJ (http://spiral.genes.nig.ac.jp/homology/welcomee.shtml). The trees were calculated with 1,000 bootstrap replications and the results (downloaded as MIME type files) were visualized using the Macintosh program TreeView (Page 1996) . The phylogenetic analysis was also done using a maximum likelihood method with the program PUZZLE (Strimmer and von Haeseler 1996) at the Pasteur Institute (http://www.pasteur.fr/english.html).
Nucleic acid hybridizations
For Southern blot analysis, total DNA was isolated from wheat leaves using the Nucleon PhytoPure DNA extraction kit (Amersham Biosciences, Piscataway, NJ, U.S.A.). The digoxigenin (DIG)-labeled Taxi probe (obtained by RT-PCR with primers taxi-I-For. and taxi-IRev. in Table 1 ) was generated using the PCR DIG Probe Synthesis kit (Roche Applied Science GmbH, Mannheim, Germany) and used for the Southern blot analysis. For Northern blot analysis, the Taxi-I riboprobe was prepared from the full-length cDNA [obtained by RT-PCR with primers Isp(For) and Isp(Rev) in Table 1 ] using the DIG RNA labeling kit (SP6/T7) (Roche Applied Science). Standard hybridization (68°C), washing (68°C) and detection protocols recommended by the manufacturer were used for Southern and Northern blot analyses.
RT-PCR/CAPS analysis
To amplify the three Taxi genes isolated and sequenced in this study, consensus primers Tcons-F and Tcons-R (Table 1) were used for semi-quantitative RT-PCR. Primers T101/102-F and T101/102-R (Table 1) were used for detection of the TAXI-III/IV-type gene expression: use of primers T101/102-F (anneals to Taxi-IV with 1 bp of mismatch) and T101/102-R was also effective for the amplification of Taxi-IV (data not shown). As a template for the amplification, cDNA synthesized from 3 µg of total RNA was used for each reaction. For semi-quantitative estimation of the transcript (i.e. to remain within the exponential phase of the amplification curve), optimal cycle number was determined by checking the PCR products (at 20, 25 and 30 cycles) on agarose gels by ethidium bromide. The semi-quantitative RT-PCR products (obtained with 25 amplification cycles) were purified from primers and salts with the QIAquick PCR Purification kit (Qiagen) following the manufacturer's instructions. Aliquots of 5 µl of undiluted DNA, or 5-fold diluted DNA to exclude the possibility of incomplete digestion, were used for the restriction analysis, and the reaction mixtures were separated by 1.2% agarose gel electrophoresis. Equal volumes were loaded on each lane to compare the relative expression levels in various tissues.
Competitive RT-PCR
Quantitative RT-PCR assays were carried out to evaluate the transcript levels of Taxi family member genes through the use of internal competitor DNA (see Table 1 for primer sequences): completely unrelated sequences (a fragment of pUC18 vector) were amplified by PCR with primers pUC-I-F and pUC-I-R for Taxi-I and primers pUC-101-F and pUC-101-R for Taxi-III/IV, cloned in pGEM ® -TEasy and sequenced. The amplified competitor DNA (548 bp) for Taxi-I and Taxi-III/IV differs only in the primer regions at either end of the target DNA (Table 1, underlined) . Competitor DNA was prepared by PCR using primer pairs of comp-I-F × comp-I-R and T101/102-F × T101/ 102-R for Taxi-I and Taxi-III/IV, respectively.
To quantify the target cDNA, various amounts of competitor DNA (1, 5, 10, 15, 25, 50, 75, 100, 250 and 500 fg) were added to the reaction mixture (50 µl) with a constant amount of cDNA (synthesized from 3 µg RNA) from various tissues, under the following conditions: 94°C 30 s, 60°C 30 s, 72°C 30 s for 25 cycles. In the PCRs, competitor DNA (548 bp) and target cDNA (592 bp for both Taxi-I and Taxi-III/IV) share identical sequences only at the primer annealing sites. The PCR products were separated on 2.5% agarose gels to compare the band intensities of amplified competitor DNA and cDNA products. The concentrations of Taxi were normalized to the amounts of competitor DNA that showed equal band intensities.
TAIL-PCR
To allow chromosome walking beyond the known Taxi-III cDNA sequences into the unknown 5′-flanking region, TAIL-PCR was performed using LA Taq with GC Buffer I (TaKaRa Bio Inc.). The primary TAIL-PCR mixtures (20 µl) contained 200 µM dNTP, 0.2 µM specific primer taxi-TAIL1, 5 µM AD primer AD3 and approximately 20 ng of genomic DNA. The secondary amplification reaction (20 µl) contained 125 µM dNTP, 0.2 µM nested specific primer taxi-TAIL2, 5 µM AD primer AD3 and 1 µl of a 1/20 dilution of the primary PCR product. The reaction solution for the tertiary PCR contained 25 µM dNTP, 0.6 µM nested specific primer taxi-TAIL3, 6 µM AD primer AD3 and 0.5 µl of a 1/20 dilution of the secondary PCR product. Thermal conditions for TAIL-PCR were the same as described previously (Liu and Whittier 1995) .
Construction of a synthetic Taxi-III expression vector for E. coli
A synthetic Taxi-III gene was designed using the DNABuilder program (http://cbi.swmed.edu/computation/cbu/DNABuilder.html) on the basis of a codon frequency table of E. coli (http:// www.kazusa.or.jp/codon) (see Supplementary Fig. S1 ). The synthetic gene consisted of two segments (segments 1 and 2), each with an NheI restriction site as shown in Supplementary Fig. S2 . Each segment was assembled from sets of complementary oligonucleotides containing 25 bp overlaps so that when annealed, they will serve as primers and templates for DNA synthesis by Taq DNA polymerase (Dillon and Rosen 1990) . Twenty-five PCR cycles were carried out using five and seven overlapping oligonucleotides for segments 1 and 2, respectively (see Supplementary Fig. S1 for oligonucleotide sequences). Each PCR product was used as a template for the second PCR of 30 cycles with primers Former-For and Former-Rev (segment 1) and Latter-For and Latter-Rev (segment 2). Primers Former-For and Latter-Rev contain NdeI and BamHI sites at the start codon and downstream of the stop codon, respectively.
The PCR products were cloned in pGEM ® -TEasy, and inserts with no PCR errors were screened and selected. With regard to the orientation of segment 2 in pGEM ® -TEasy, we obtained a clone, pGEMSeg2, with the PstI site (on the polylinker) and the BamHI site (at the end of the insert) adjacent to each other. Segment 2 was excised from the vector by digestion with NheI and PstI, and cloned into the corresponding sites downstream of segment 1 in pGEM-Seg1, yielding pGEM-syn.Taxi-III. Plant signal peptide (SP) sequence was removed by replacing the NdeI-NheI fragment with a DNA fragment (with NdeI and NheI sites at 5′-and 3′-ends, respectively) that was amplified by PCR with primers 101-SP-For and Former-Rev (i.e. the mature peptide-coding fragment designated ∆SPsyn.Taxi-III). The resulting vector, pGEM-∆SPsyn.Taxi-III, was digested with NdeI and BamHI, and ∆SPsyn.Taxi-III was cloned in pET-19b (Novagen, Darmstadt, Germany), yielding pET-19b-∆SPsyn.Taxi-III. However, recombinant TAXI-III was recovered as an inclusion body using this expression system.
The coding region of ∆SPsyn.Taxi-III was amplified by PCR from ScaI-linearized pET-19b-∆SPsyn.Taxi-III using primers NussynTAXI-5′ (containing an EcoRI site) and Nus-synTAXI-3′ (containing a PstI site) (see Table 1 for primer sequences). The PCR product was digested with EcoRI and PstI, and inserted into a Nus·Tag™ fusion expression vector, pET-43.1a(+) (Novagen). The resulting vector, pET-43.1a-∆SPsyn.Taxi-III, was transformed to strain Origami (DE3) of E. coli (Novagen) and used for production of a Nus·Tag™-tagged recombinant protein.
Expression and characterization of recombinant TAXI-III
The bacterial strain harboring pET-43.1a-∆SPsyn.Taxi-III (see Supplementary data online) was inoculated on 5 ml of liquid medium (CircleGrow; Qbiogene Inc., Montréal, Canada) containing 50 µg ml -1 ampicillin, 15 µg ml -1 kanamycin and 12.5 µg ml -1 tetracycline with vigorous shaking. After overnight incubation at 37°C, the inoculum (100 µl to 1 ml) was transferred to 100 ml of CircleGrow medium containing 50 µg ml -1 ampicillin and incubated until the OD 600 reached 0.4. Then IPTG was added to a final concentration of 1 mM and the culture incubated at ambient temperature. Induction of the recombinant proteins was examined by SDS-PAGE on a 7.5% polyacrylamide gel. After overnight incubation, the bacterial pellets were harvested, suspended in 5 ml of buffer A (20 mM Tris-HCl, pH 7.5), disrupted with an ultrasonic disruptor (Tomy Tech USA Inc., Fremont, CA, U.S.A.), and centrifuged at 12,000×g for 15 min. The supernatant was passed through a 0.22 µm filter (Minisart-Plus; Sartorius AG, Goettingen, Germany) and the recombinant protein was precipitated with 65% saturated ammonium sulfate. During dialysis against buffer A, portions of the NUS::TAXI-III protein were lost as a precipitate but approximately 20% of the inhibition activity was recovered (as assessed by an assay with Trichoderma sp. xylanases). The active fraction was applied to a HiTrap Q HP (5 ml) column (Amersham Biosciences) equilibrated with buffer A, and eluted with a linear gradient of 1 M NaCl in buffer A (in a total volume of 96 ml at a flow rate of 6 ml min -1 ). The recombinant NUS::TAXI-III (pI = 4.8) was recovered at approximately 0.4 M NaCl. The protein concentration was measured by using a BCA protein assay kit (Pierce Biotechnology Inc., Rockford, IL, U.S.A.) and used for the inhibition assay of xylanases.
The inhibition activity of TAXI-III was determined by colorimetric assay using AZO-WAX solution (Megazyme International Ltd., Wicklow, Ireland) as described in the manufacturer's instructions. Trichoderma sp. xylanases and A. niger xylanase M4 (1,851 U ml -1 ; used as a standard in this study) were obtained from Megazyme. The partially purified recombinant inhibitor protein (6-120 µg protein in 40 µl buffer A) was mixed with 60 µg of bovine serum albumin (BSA) and 0.04 units of xylanases in 160 µl of 0.1 M sodium acetate buffer, pH 4.6, and the mixture (200 µl) was pre-incubated at room temperature for 20 min. Inclusion of BSA in the reaction mixture was necessary to avoid inactivation of the xylanases by dilution. The reaction was initiated by adding AZO-WAX substrate solution (200 µl) to the enzymeinhibitor mixture solution. After 30 min of incubation at 40°C, the reaction was terminated by the addition of ethanol (1 ml). After removal of the precipitated non-depolymerized substrate by centrifugation (2,430×g, 5 min), the absorbance of the supernatant was measured at 590 nm against a reaction blank. The residual xylanase activity was determined from a calibration curve, which showed good proportionality in the range 0.005-0.1 U.
Partial purification of xylanases from F. graminearum
Xylanases were partially purified from xylan-induced culture of F. graminearum IFO 5269 as described previously (Holden and Walton 1992) . Briefly, the fungus was inoculated on 200 ml of liquid synthetic low nutrient medium (see http://www.jcm.riken.go.jp/cgi-bin/ jcm/jcm_grmd?GRMD=332 for medium composition) supplemented with 0.8% xylan oat spelts (Fluka, Basel, Switzerland) in a 500 ml baffled flask and cultured for 7 d with shaking (101 rpm) at ambient temperature. An equal amount of buffer B (25 mM sodium acetate buffer, pH 5.0) was added to the supernatant, and the diluted sample was filtered through 0.2 µm filters (Durapore; Millipore, Billerica, U.S.A). The sample was passed through a HiTrapQ HP (5 ml) column and then applied to a HiTrap S HP (5 ml) column (Amersham Biosciences) preequilibrated with buffer B. After washing the column with two bed volumes of buffer B, xylanases were eluted with a linear gradient of 0-0.8 M KCl in 100 ml of buffer B. Xylanase activities were detected at approximately 0.1-0.3 M KCl. Aliquots of the active fractions (0.04 U in <60 µl) were used for the inhibition assay.
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